ABSTRACT: The separation of single-walled carbon nanotubes (SWNTs) by chirality is of great interest to enable the next generation of optical and optoelectronic devices. Many separation schemes employ the surfactant sodium dodecyl sulfate (SDS), with or without a bile salt surfactant such as sodium cholate (SC). In this study, we observe and explain the effect of these mixed surfactant systems on the hydrogel-based selective adsorption separation method. We find that sodium cholate outcompetes SDS more effectively on smaller diameter tubes and quantify this difference as the sodium cholate concentration is increased and (6,5) separation is diminished. These changes in separation efficiency with surfactant composition are understood using a theoretical model developed previously and predict that surfactant mixtures alter the charge per unit length of specific (n,m) SWNTs, altering the separation. This understanding of the chiral dependence of the surfactant binding will not only enable a greater understanding of surfactant coverage on the SWNT but also pave the path to further control the SWNT separation processes that depend on these surfactants.
T he separation of single-walled carbon nanotubes (SWNTs) by chirality has gained immense interest in recent years across many fields with significant advances that enable both high purity and high yield separation of carbon nanotubes. 1−16 These efforts from both our group and others have clearly demonstrated the ability to separate single chirality SWNTs at scales that are now enabling the next generation of nanotube-based optical sensors 17−24 and optoelectronics. 6,25−30 One of the first examples was shown by our group, where we demonstrated a bulk single chirality (6, 5) nanotube-based active layer for a near-infrared photovoltaic (6) and a ratiometric (6, 5) and (7, 6 ) SWNT-based optical sensor for in vivo imaging. 20 The improved efficiency driven by the homogeneous electronic structure was corroborated by the Arnold group with a demonstration of a near single chirality (7, 5) photovoltaic. 26 Among the several methods that exist to separate carbon nanotubes, advances in the gel-based separation, 1, 2, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] 31, 32 and more recently a two-phase method pioneered by the Zheng group, 9 seem to provide a promising path toward enabling industrial scale separations. Additional work by the Pang group has made significant advances in achieving a high dispersion of (6, 5) SWNTs using π-conjugated polymers and helically binding polymers for length-specific SWNT fractions. 33, 34 Mechanisms to understand these separations have also been proposed in order to help guide higher purity and yield separation processes. 1,2,9,13,35−37 In all cases, it is well agreed upon that the role of surfactants in these processes is instrumental. In this study, we explore experimentally for the first time the impact of using different surfactants and surfactant mixtures in the gel-based separation. We show that the addition of bile salt surfactants modifies the chiralities of SWNTs that separate, showing a chiralitydependent binding of these surfactants on SWNTs.
In previous work we have developed a quantitative model that shows the sodium dodecyl sulfate (SDS) charge state is the most likely reason for chirality-based separation, and we expand upon this model herein for mixed-surfactant systems. 1 Furthermore, our group 1 and others 13 have shown that in the range of 0.5−5 wt % SDS in aqueous solution, nanotubes exhibit different surfactant coverage levels which affect their binding affinity to the gel. Other studies from the Kataura, Doorn, and other groups related to altering the SDS phase around the tube have used temperature, 11 pH, 35, 38 and salt 1, 39 to manipulate the SDS phase around the tube, and most of these studies agree with our previous findings. 1 These studies also indicate that the adsorption occurs directly between the SWNT surface and the Sephacryl, where the surfactant mediates the chiral selectivity but not the binding itself. 1, 31 An early high throughput study 40 of various surfactants guided researchers to heavily rely on SDS. We expect this is due to the flexible morphology of the surfactant on the tube.
However, other methods, such as density gradient centrifugation [3] [4] [5] 41, 42 and the two-phase separation method, 9,10 have found success via the use of surfactant mixtures. A recent study on the mechanism of the two-phase separation shows that the use of surfactant mixtures most heavily affects the coverage on the surface of the nanotube by each surfactant. 43 The use of a bile salt surfactant creates a more tightly bound structure on the surface of the tube which leaves a lower fraction of the surface of the tube exposed. 44 In the two-phase method this phenomenon is exhibited quite clearly; an increase in the sodium cholate concentration makes the nanotubes more hydrophilic as less of the tube surface is exposed. 9, 10, 43 In this study we use these same surfactant coverage guiding principles to establish methods of using mixed surfactants in the separation of carbon nanotubes via the gel-based method. We first establish the protocol used to enable various monosurfactant separations. We then study the concentrationdependent effect of mixing various bile salt surfactants with Figure 1 . From left to right, the desorption spectra of several columns of SWNTs suspended in 0.5 wt % of SDS, SDOC, and SC. The spectra indicate that SDS is the only surfactant that allows SWNTs to adsorb to the gel. Interestingly SC seems to allow some amorphous carbon to bind and desorb from the gel, as indicated via the sloping baseline. However, no SWNTs bind in just SC or SDOC surfactant suspensions. Figure 2 . Absorbance spectra of 20 columns of eluted SWNTs that were adsorbed to the gel in surfactant solutions noted in the header of each plot area. Under each absorbance spectrum is a photograph of the first 10 columns of eluted SWNT, showing clearly visible differences in the quantities and purities of the SWNT solutions. Interestingly, the three bile salt surfactants show dramatically different separations despite small chemical moiety differences. Note that the addition of even a small amount of SDOC prevents any SWNT adsorption.
SDS. We studied the four most commonly used surfactants for these systems, sodium dodecyl sulfate (SDS), sodium cholate (SC), sodium deoxycholate (SDOC), and sodium taurocholate (STC). We implicitly use our previously developed quantitative model 1 and the methods developed in those works to understand the experiments that we perform with both the single and mixed surfactant systems. This study will help outline a path to not only understand the gel-based separation processes further but also help understand how surfactant mixtures compete for SWNT coverage and their chiral dependence.
■ SINGLE SURFACTANT SYSTEMS
The first study that we perform is with single surfactant systems of three of the four surfactants of interest. We study various concentrations of each of the surfactants of interest, SDS, SC, and SDOC. We choose these surfactants because of their common usage in separation protocols. 3, 4, 9, 40, 44 The bile salt surfactants (SC, SDOC, and STC) are all very similar to each other with a single-point mutation in the chemical structure. 44 However, these minor differences cause major differences in the surfactant coverage on the SWNT. Unfortunately, STC is only commercially sold in small quantities, so creating a 100 mL Chiralities eluted over all 20 columns worth of the separation for each of the surfactant mixtures. The bars make it obvious which SWNT chiralities are preferentially absorbed to the gel. As is expected, the (6,5) tube is most strongly absorbed and eluted in the SDS-only case. Note also that the SDOC absolute levels of SWNTs are within the noise limit of detection by our spectrometer, and we do not believe there are any measurable quantities of SWNTs eluted with the addition of SDOC.
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We run the separation process with each of these surfactants and analyze the eluted content. In order to analyze the separation process, we run eight columns of the separation and take absorbance spectra of the eluted sample. Figure 1 shows spectra for an adsorption with each surfactant at 0.5% by weight solution of the respective surfactant.
The SWNT suspensions with a surfactant other than SDS do not show any SWNT adsorption or desorption. This result agrees with previous observations that SDS is unique in its ability to enable the separation of SWNTs based on chirality. 1, 13, 40 We agree with the hypothesis that SDS has this ability due to its flexible morphology and equilibrium coverage ratios that are chirality and concentration dependent. The partial coverage of SDS of the SWNT enables part of the SWNT surface to stay exposed and therefore adsorb to the gel, 1, 38, 39 or in the two-phase method, a dynamic and controllable hydrophobicity. 9, 10, 43 Our previous work shows both experimentally and via a quantitative model that SDS has a chirality-and concentrationdependent morphology and coverage on the SWNT surface. 1 We learned that at low SDS concentrations the surfactant has a low coverage on the tube and a lower effective charge per unit length. Further, we learned that larger diameter semiconducting tubes show greater SDS coverage than smaller diameter tubes at the same bulk SDS concentration. This understanding enables us to now interrogate the SWNT−surfactant system with other surfactants as well as mixed surfactants.
Despite a lack of adsorption when suspended in SC or SDOC alone, several groups have shown that mixing surfactants can be used to fine-tune the separation, especially when using the density gradient 3, 5, 42 or two-phase methods. 10, 43 A systematic study of mixed surfactants in the gelbased system is presented here for the first time.
■ MIXED SURFACTANT SYSTEMS
We perform the surfactant mixture study via the creation of mixtures of SDS with one of the bile salt surfactants at experimentally relevant concentrations of 0−2% by weight of each. The first concentration mixture that we attempt is to add a small fraction, 0.3 wt %, of the bile salt surfactant to an otherwise standard separation process at 2 wt % SDS concentration. We carry out the separation process for 20 columns in order to ensure that we reach the point at which we no longer see any SWNT adsorbed to the gel. Figure 2 shows the spectra and images of the desorbed SWNT from the 20 columns on descending order, where the SWNT was eluted using 5 wt % SDS.
As is shown in the spectra in Figure 2 , the addition of a bile salt surfactant to SDS significantly alters the separation of the SWNT. The SDS-only separation looks similar to what has been shown in previous work, by both our group and others. The addition of either STC or SC does not prevent the separation but changes it. The addition of SDOC however does completely prevent the separation. This lack of separation implies that we can say with certainty that the bile salt cumulative Gaussian x-axis for clarity. The amount of nanotubes changes dramatically for each surfactant mixture, and hence each graph has a different y-axis. We specifically note that the SC addition enables several large diameter chiralities to be eluted within the first 5 columns. Further, it is obvious that the (6,5) tube is most efficiently eluted in the SDS-only elution. Finally, the addition of 0.3% STC shows in column 1 an elution of only the (7,3) tube.
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We notice two important trends in the STC and SC additions. The SC addition enables and promotes the separation of larger diameter SWNTs, in a way similar to reducing the SDS concentration. On the basis of our previous work, we expect that if larger diameter SWNTs can be adsorbed to the gel then it implies that the SDS is not tightly packed on the SWNT. We expect that the SC additive is binding tightly on the SWNT; however, it does not completely outcompete the SDS. The ability to separate some SWNTs and especially larger diameter SWNTs implies that the SC allows the SDS to partially cover all chiralities of SWNTs, including the large diameters.
The total number of separable SWNTs in both cases (SDS alone and SDS + 0.3% SC) is similar. In fact, as was the case with a lower SDS concentration, the mixed surfactant enables more SWNTs to get bound (7.3 × 10 14 SWNT) over the 20 columns than just SDS at 2% (6.3 × 10 14 SWNT). The absorption spectra for these separations are shown in Figure  3A , while Figure 3 B shows the preferential adsorption of various SWNT chiralities over the 20 columns of separation performed. Figure 4 shows the quantities of each SWNT eluted for every column when STC, SDOC, and SC are added to the SDS SWNT mixture. Further, Figure 1 showcases that the chiralities of SWNTs are also similar between a 0.5% SDS and the 0.3% SC addition to the 2% SDS solution. This implies that the addition of a small quantity of SC reduces the overall surface coverage of the SDS surfactant on the SWNT. While a molecular picture cannot be precisely drawn from this observation, we expect that the SC additive influences the morphology of the SDS to assume a loose packing that enables more SWNTs and larger diameter SWNTs to adsorb to the gel.
The STC addition in contrast to the SC addition has a chiral selectivity that enables the separation of SWNTs specifically with absorbance peaks close to 1250 and 950 nm. We further analyzed the spectra to determine specifically which SWNTs are adsorbed and eluted with this surfactant mixture as seen in Figure 4 . We find that the (7,3), (6, 5) , (9,1), (8, 3) , (8, 4) , and (9,2) SWNTs are preferentially adsorbed over the 20 columns of separation performed as shown in Figure 4 . All of these chiralities have diameters between 0.7 and 0.8 nm. In fact, column 1 has over 80% pure (7, 3) .
Further, the total number of SWNTs that are adsorbed to the gel over the 20 columns is much smaller (1.6 × 10 14 SWNT) than the SDS or SDS plus SC experiments. The selectivity is very different than what has been seen previously by our group and others. 1, 12, 13, 35 These observations imply that the STC binds certain chiralities tighter than others at the same bulk STC concentration. We expect what we observe in our experiments is that the SDS can outcompete the less tightly bound STC chiralities, which enables their adsorption and desorption to and from the gel. This observation seems to suggest that these small diameter SWNTs have a lower binding affinity to the STC than other chiralities. This chiralitydependent binding of STC was previously shown in work from our group in the context of reactions with aryl diazonium salts. 44 Given the significant changes in separation, we investigated whether our previously developed quantitative model could be applied to this system. 1,2 We provide a model for a twosurfactant system based on a modified model for SDS-mediated adsorption and desorption of SWNTs to a sephacryl binding site. The initial binding of a semiconducting SWNT to a binding site can be energetically modeled by outlining the total system energy V(d) as a function of the distance between the sephacryl site and the SWNT (d). The van der Waals forces balance to describe this system energy as follows
van der Waals electrostatic hard sphere (1) where V electrostatic is the electrostatic repulsive force; V hard surface is the hard-surface repulsive force; and V van der Waals is the attractive force. Subsequently, we expand the description of the van der Waals energy to describe the attractive force between an available sephacryl binding site and a semiconducting SWNT, where the former is approximated as an anisotropic planar surface and the latter as a SWNT with a variable radius as defined by its chirality. In eq 2, H N and H F are the Hamaker coefficients in the near and far limit of the sephacryl surface separation from the SWNT, respectively, and β and d 0 are blending terms accounting for the transition between short-and long-range interactions. We expand this definition by incorporating an electrostatic repulsive force between the anionic amide on the sephacryl surface and the SWNT. 46 We approximate that, on the order of the SWNT−sephacryl binding site interaction length, the anionic charge on the sephacryl surface will be uniformly distributed, which we denote as σ SEPH . Furthermore, the SWNT is also approximated to exhibit a uniform charge density along its cylindrical surface, denoted as σ SWNT with radius r SWNT and length . The sephacryl−SWNT system is immersed in a liquid with dielectric permittivity ε and debye length κ and represented by Ohshima et al. 47 
where ε 0 is the vacuum permittivity and K n is the modified Bessel function of the nth kind. We can describe the repulsion between a sephacryl binding site and a SWNT by a hard-sphere model, with a 1/d 12 distance-dependent repulsion. As such, the total energy of the system is the sum of hard-surface repulsions for SWNT−sephacryl site distances below 2 Å, the van der Waals attractions between 2 and 4 Å, by electrostatic repulsion between 4 Å and 3 nm, and by thermal energy beyond 3 nm. We can model the kinetics of semiconducting SWNT binding to the sephacryl surface for a given SWNT chirality. We define the rate constant for this process as a distance-dependent energy profile, V(d) d bound , using a relationship for a particle traversing such an energy profile developed by Fuchs et al. 48, 49 In this equation, k b is the Boltzmann constant, T the system temperature, and D the SWNT diffusion coefficient as approximated by an Einstein−Smoluchowski relation for a cylinder in solution. 50 ,51
For this particular model, we consider the contributions not only of the system equilibrated in SDS but also in the mixed surfactant system and the effective linear charge density ξn,m (e − /nm) of SDS + SC and SDS + STC mixed surfactant systems (Table 1) . We fit rate constants for each chirality under each surfactant mixture and found effective linear charge densities, ξ n,m (e − /nm), for each chirality under the addition of sodium cholate and sodium taurocholate. Table 1 shows the chiralities that had a measurable change in the charge density based on our model. As we expect, all fall within our previously determined range of 0.41−3.32 e − /nm. Further, the chiralities that elute sooner show a reduced linear charge density. For example, the (9,1) tube shows a significant decrease in effective charge upon STC addition (from 1.77 to 1.50 e − /nm), thereby enabling greater adsorption and elution as observed. Note that there is no predicted change between SDS and SDS + SC. Similarly, the (6,5) SWNT decreases in its ability to be separated with an increase in charge density (from 1.77 to 1.87 e − /nm) upon SC addition. As such, our previously established theory appears self-consistent. However, we recognize that we are unable to provide insight into the fractional coverage of one surfactant vs another via this theory.
In order to study the competitiveness of the surfactant upon mixing, we carry out experiments where we sonicate 2 wt % SDS with the SWNT. We then add an incrementally increasing fraction of sodium cholate in adsorption; however, we still elute the sample with 5% SDS as discussed in the SI methods section. We perform the separation for eight columns and the absorption spectra are shown in Figure 5(A) . a We only report the chiralities for which there is a measurable change in the rate constant and therefore the charge density around the tube. The change is normalized to the quantity eluted in the 0.3% SC case (i.e., the lowest fractional addition of SC). Note that the plot is a semilog plot for clarity. Interestingly, the change in number of SWNTs eluted is chirality dependent as the SC concentration is increased. Also, at the point at which 2% SC is added, there is no detectable SWNT in the solutions.
The Journal of Physical Chemistry C As we expect, as we increase SC percentage in the bulk solution we reduce the amount of SWNTs that bind to the gel as the SC outcompetes the SDS for tight coverage around the tube, eventually leaving no exposed surface to bind with the gel. As others have noted in density gradient or two-phase separation methods, changing the ratio of SC to SDS changes the amount of the surface of the SWNT that is exposed. Using this understanding is instrumental to being able to tailor either the gel-based separation or other methods, especially the density gradient and two-phase methods which use precisely these two surfactants and in these ratio ranges. The field still does not have a good way to visualize the precise structure of the surfactant on the tube when in solution. However, we can say with certainty that the SC binds tightly with the SWNT and that as the concentration of SC increases to 2% it outcompetes the SDS coverage on the SWNT.
What is interesting to note is that the binding competition between SC and SDS is once again chirality dependent. We fit the peaks for each of the spectra and observe the changes in the amount of each chirality of nanotubes eluted as the sodium cholate concentration increases. Figure 5 (C) shows the change in quantities of each chirality for the second column we elute as the SC concentration is increased. This plot makes it clear that the fractional change is more dramatic for some chiralities than others. The change seems to be the least for larger diameter tubes and the most for smaller diameter tubes. This ordering is similar to the saturation ordering of SDS on a SWNT (larger diameter SWNT saturates the earliest). This observation is consistent with our previously defined model of SDS packing on the tube, 1 as at 2% SDS we expect that the smaller diameter tubes are less saturated and hence have the ability to accommodate more SC and cause a dramatic difference in the fractional binding and elution of those tubes. Of specific interest is the (6,5) chirality, which sees a very large change from 0.3 to 0.5% SC, indicating that the loose structure of SDS at 2% is easily outcompeted at even lower concentrations of SC. What is surprising, however, is that the (7,3) tube seems to change very slowly with increasing SC concentration, even though we know that the SDS packing is not saturated on the (7, 3) tube. This response implies that even the SC surfactant does not have a strong affinity for this tube. It is important to remember that for each chirality we have to consider the competitive binding individually. Our model suggests that the surfactant-bound nanotubes, and their binding to the sephacryl gel, are a kinetically controlled process. Changing the concentration of cosurfactant will affect each nanotube chirality differently. Differences in cosurfactant ratio drive the fractional yield to vary significantly, which is tunable for kinetically driven binding and chirality-specific elutions. Each surfactant will have a binding affinity that is chirality dependent, and hence competitive binding on the tube surface must be considered for each chirality separately.
We conduct a similar experiment for SDOC and STC where we added 0.3% and 0.7% by weight of each of these surfactants and measure the absorbance spectra in each case, as is shown in Figure S1 . We note once again that SDOC binds very tightly at even low concentrations and do not observe any eluted SWNT. Further, we note that for STC, as was the case for the SC, the biggest change from 0.3% to 0.7% is the absolute concentrations for each of the eluted chiralities. Given the low concentrations of SWNT eluted with STC, we were unable to reliably quantify the per chirality difference in binding over the noise levels in the spectra. Nevertheless, our experiments give the first quantitative insight into the relative competitiveness of SDS and SC in a chirality-dependent fashion, and this system is currently the most important for SWNT separation in both the density gradient and two-phase separation methods.
■ CONCLUSIONS
All of our observations point to the same conclusion that mixed surfactant systems can be used and controlled to carefully regulate and modify the separation of SWNTs using any of the popular processes in the literature today. Importantly, we show that SC and SDS compete within concentration ranges of 0− 2% each and have a strong chirality dependence. We also show that with STC there are ways to specifically modify the separation and obtain only specific chiralities, which are likely the chiralities to which STC binds least strongly. We expect that our findings will enable further understanding of SWNT surfactant systems and their importance in the emerging field of chirality separation of SWNT.
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